The BH3-only BID protein acts as a sentinel to interconnect specific death signals to the core apoptotic pathway. Our previous data demonstrated that BID is important for both S-phase arrest and cell death following DNA damage, and that the cell cycle arrest function is regulated by its phosphorylation by the ATM kinase. We also showed that a portion of cellular BID localizes to the nucleus. Here, we demonstrate that etoposide and ionizing radiation induce the exit of BID from the nucleus and that leptomycin B, a specific inhibitor of the nuclear export receptor CRM1, prevents the nuclear exit of BID. BID carries a nuclear export signal (NES) consensus motif; however, it does not seem to be functional. To examine the importance of BID nuclear export, we targeted BID to the nucleus by fusing it to a strong nuclear localization signal (NLS). NLS-BID is phosphorylated in a similar time course as wild-type BID, but does not exit the nucleus following etoposide treatment. Importantly, introducing NLS-BID into BID À/À cells failed to restore S-phase arrest and cell death in response to etoposide. These results implicate BID as a nuclear protein and raise the possibility that nucleocytoplasmic shuttling of BID is involved in regulating its activities in the DNAdamage response. Programmed cell death or apoptosis is critical for both the development and maintenance of tissues. Caspases, a family of cysteine proteases, are the major executioners of the apoptotic process, 1 whereas the BCL-2 family members are the major regulators of this process.
Programmed cell death or apoptosis is critical for both the development and maintenance of tissues. Caspases, a family of cysteine proteases, are the major executioners of the apoptotic process, 1 whereas the BCL-2 family members are the major regulators of this process. 2 The cell death regulatory mechanisms of the BCL-2 proteins are largely unknown, although it is thought that their function depends mostly on their ability to modulate the release of proteins from the intermembrane space of the mitochondria. The BCL-2 family members are localized at multiple subcellular locations, that is, in the cytosol, nuclear outer membrane, endoplasmic reticulum membrane and mitochondrial outer membrane. In healthy cells, anti-apoptotic BCL-2 family members are mostly found associated with internal membranes, 3, 4 the multidomain pro-apoptotic proteins are localized either at membranes (e.g. BAK 5 ) or in the cytoplasm (e.g. BAX 6, 7 ), and the pro-apoptotic BH3-only proteins (see below) are predominantly found in the cytosol (e.g. BAD 8 ) or associated with the cytoskeleton (e.g. BIM 9 ). In response to an apoptotic signal, the pro-apoptotic proteins undergo a conformational change that enables them to target and integrate into membranes, especially the mitochondrial outer membrane, to trigger apoptosis. 10 An important subset of the pro-apoptotic BCL-2 family members are the BH3-only proteins, such as BID, which act as sensors of intracellular damage. 11 These proteins are held in check by diverse mechanisms, seemingly at cellular locations at which they can sense specific damage, and once activated, translocate to the mitochondria to communicate the damage signal. BID is a pivotal executioner of apoptosis in vivo, as it is essential for the TNFa/Fas death receptor pathway and is required to suppress tumorigenesis in the myeloid lineage. 12, 13 BID is believed to be relatively inactive in the cytosol until proteolytically cleaved by caspase-8. Cleavage of cytosolic BID at Asp59 yields a p15 C-terminal truncated fragment (tBID) that translocates to the mitochondria, where it induces the activation of BAX and BAK, resulting in the release of cytochrome c and the activation of caspases.
14 Although most studies in the field emphasize the importance of BID cleavage to activate it, there are several studies that demonstrate an apoptotic role for full-length BID. [15] [16] [17] [18] In addition, it is widely believed that BID is essential only for the TNFa/Fas death receptor pathway and that mitochondria are the major site for its apoptotic action. In contrast, we previously demonstrated that BID partially localizes to the nucleus in healthy cells, and is important for apoptosis induced by DNA damage. 19, 20 In search for BID's role and mechanism of activation in the DNA-damage pathway, we found that etoposide and ionizing radiation, both of which are known to induce doublestrand breaks in DNA, led to its rapid phosphorylation on two serine residues (S61 and S78). These phosphorylations were mediated by ATM, a nuclear serine-threonine protein kinase, which is absent or inactivated in patients with the genomic instability syndrome ataxia-telangiectasia (A-T). The functional consequences of certain ATM phosphorylation events include activation of cell cycle checkpoints, which result in temporary arrest of cell cycle progression to enable DNA repair. 21 Strikingly, BID À/À cells failed to arrest in the S phase of the cell cycle following treatment with etoposide; reintroducing wild-type BID (wtBID) restored arrest. In contrast, introducing a nonphosphorylatable BID mutant did not restore arrest in the S phase, and resulted in an increase in the cellular sensitivity to etoposide-induced apoptosis. These results implicated BID as an ATM effector, and indicated that BID, a molecule that was previously considered to be active only as a pro-apoptotic factor in the TNFa/Fas death receptor pathway at the mitochondria, also plays a pro-survival role important for S-phase arrest in the DNA-damage pathway. 19, 20, 22 As mentioned above, a portion of cellular BID localizes to the nucleus in healthy cells and in cells exposed to DNA damage; however, it remained unknown whether this portion plays a role in the DNA-damage pathway. Here, we demonstrate that DNA damage results in the nuclear export of BID, and that fusing BID to a strong nuclear localization signal (NLS) inhibits its nuclear export. Importantly, introducing NLS-BID into BID À/À cells failed to restore S-phase arrest and cell death in response to DNA damage. These results implicate BID as a nuclear protein and raise the possibility that nucleocytoplasmic shuttling of BID is involved in regulating its activities in the DNA-damage response.
Results
DNA damage results in the nuclear export of BID. Previously, we demonstrated that a portion of cellular BID is localized to the nucleus. 19 To assess whether DNA damage induces a change in the cellular location of BID, we have generated a BID-GFP chimeric protein and monitored its cellular location in HeLa cells either left untreated or treated with etoposide. In untreated cells, most of the BID-GFP fluorescence appeared in the nucleus (Figure 1a Figure 1a , bottom right panel), indicating that BID nuclear exit is a general feature of the DNA-damage response.
The exit of proteins from the nucleus is mostly regulated via the nuclear export receptor CRM1, and therefore, we tested whether leptomycin B (LMB), a specific inhibitor of the CRM1, 23 will prevent the nuclear exit of BID. Strikingly, treatment with LMB prevented the nuclear exit of BID-GFP following etoposide treatment (Figure 1b) . These results suggest that DNA-damage results in the nuclear export of BID, and that this export is mediated via the export receptor CRM1.
The nuclear export of proteins by CRM1 is mediated via nuclear export signals (NESs). 24 The fact that LMB inhibited the nuclear exit of BID suggests that BID carries an NES. Examination of the mouse BID sequence for an NES consensus motif revealed that it carries such a motif (aminoacid residues 35-44; Figure 1c ). The REV type NES consensus motif (the one found in BID) is comprised of an 8-12 amino-acid stretch, and mutations of the conserved leucines abolishes the nuclear export of proteins carrying this sequence. 24 To assess whether the nuclear export of BID is regulated by this motif, we mutated all three of the conserved leucines in this motif to alanines (L35A/L38A/L42A). WtBID and BID-L35A/L38A/L42A, both fused to GFP were expressed in HeLa cells and their cellular locations were assessed in the absence or presence of etoposide. These studies showed that mutating this motif did not affect the nuclear exit of BID (data not shown). Thus, the 35-44 aminoacid stretch in BID does not seem to function as an NES, and therefore, BID nuclear export is probably mediated by another NES-carrying protein.
Fusing BID to a strong nuclear localization signal inhibits its nuclear export. To examine the functional importance of BID nuclear export, we attempted to trap it in the nucleus using a strong NLS. 25 (Notably, examination of the mouse BID sequence indicated that it does not carry a classical NLS). We found that fusing BID-GFP to the NLS of the SV40 large-T antigen, 26 drove BID-GFP to the nucleus ( Figure 2a , left panel). Importantly, etoposide treatment did not result in the nuclear exit of NLS-BID-GFP ( Figure 2a , middle panels), suggesting that this chimeric BID protein is trapped in the nucleus.
Previously, we demonstrated by subcellular fractionation that the endogenous BID in mouse embryonic fibroblasts (MEFs) is loosely associated with the nuclear fraction, and that crosslinking (using formaldehyde) is required to preserve this localization. 19 To confirm that NLS-BID-GFP is localized to the nucleus, we performed subcellular fractionations in the presence of formaldehyde. Indeed, we found that BID-GFP was mostly localized to the cytoplasmic fraction, whereas NLS-BID-GFP partitions equally between the cytoplasmic and nuclear fractions ( Figure 2b ). The fact that a significant portion of NLS-BID-GFP appears in the cytoplasmic fraction (in contrast to the results we obtained in the fluorescence studies) suggests that it leaks out of the nucleus during preparation.
Introduction of NLS-BID into BID
À/À MEFs fails to restore susceptibility to etoposide-induced cell death. Previously, we demonstrated that BID À/À MEFs are less susceptible than BID þ / þ MEFs to DNA-damageinduced cell death, and that reintroduction of wtBID restored susceptibility to DNA damage. 17, 19 To explore the ability of NLS-BID to restore susceptibility to DNA damage, we generated single stable clones of BID À/À MEFs that express either wtBID or NLS-BID, or carry an empty vector. Initially, we confirmed the cellular location of wtBID and NLS-BID in these clones, and showed by both subcellular fractionation and by immunofluoresence that wtBID was mostly cytosolic, whereas NLS-BID partitions equally between the cytoplasmic and nuclear compartments ( Figure 3a) . Next, we assessed the levels of etoposideinduced cell death in four of wtBID, NLS-BID and empty vector stable clones each. We found that the wtBID clones showed a two-to threefold higher level of cell death compared to the empty vector clones, whereas there was no significant difference in the levels of cell death between the NLS-BID clones and the empty vector clones (Figure 3b; only two clones from each are shown). Western blot analysis using anti-BID antibodies indicated that the decreased levels of cell death seen in the NLS-BID clones in response to etoposide was not due to lower levels of expression of NLS-BID (Figure 3c ). Thus, trapping BID in the nucleus impairs its cell death activity in response to DNA damage.
BID
À/À MEFs expressing NLS-BID fail to arrest in the S phase of the cell cycle following etoposide treatment. Previously, we demonstrated that BID is important for S-phase arrest following DNA damage, and that this novel activity of BID is regulated by its phosphorylation by ATM. 19 To explore the effect of NLS-BID on S-phase arrest, we performed cell cycle analysis on four wtBID and on four NLS-BID clones either untreated or treated with etoposide. Surprisingly, etoposide treatment did not induce S-phase arrest in the NLS-BID clones and cells from these clones rapidly accumulated in the G2 phase, whereas cells from the wtBID clones accumulated in the S phase (Figure 4a ; only two clones from each are shown).
To exclude the possibility that the stable clones expressing NLS-BID may have developed a compensating genetic or Figure 1) . These results confirm that NLS-BID is indeed impaired in its ability to induce S-phase arrest, as it is unlikely that 3 days post-infection the NLS-BID cells developed a compensating genetic change that is responsible for the observed effects.
To assess whether the impaired ability to arrest in S phase was due to an inability of NLS-BID to be phosphorylated in response to etoposide treatment, wtBID and NLS-BID cells Aliquots of the cytoplasmic (C) and nuclear (N) fractions were subjected to SDS-PAGE followed by Western blot analysis using anti-BID Abs (top). The blot was stripped and reprobed with anti-lamin B Abs to mark the nuclear fraction (bottom). Right panels: BID À/À MEFs stably expressing either wtBID or NLS-BID (one clone from each) were fixed and stained with anti-BID Abs, and pictures were taken using a confocal microscope. (b) BID À/À MEFs stably expressing either wtBID or NLS-BID, or carrying an empty vector (two clones from each) were treated with 50 mM etoposide for 24 h, and cell death was monitored by FACScan using PI dye exclusion. The data represent the means7S.E.M. of pooled results from three independent experiments. (c) The decreased death obtained with the NLS-BID clones is not due to lower levels of expression of NLS-BID. The two wtBID and two NLS-BID clones were lysed, and equal amounts of protein (20 mg per lane) were subjected to SDS-PAGE, followed by Western blot analysis using anti-BID Abs (top). The blot was stripped and reprobed with b-actin Abs to control for loading (bottom)
were treated with etoposide and Western blot analyzed using the phosphospecific antibodies to phosphoserine 78. 19 Figure 4b shows that NLS-BID is phosphorylated in a similar time course as wtBID, suggesting that the inability of NLS-BID to induce S-phase arrest is not due to impaired phosphorylation.
Taken together, these results suggest that nuclear export of BID is important for its S-phase arrest function in the DNA-damage response.
Discussion
In the present study, we demonstrate that DNA damage induces the exit of BID from the nucleus and that this exit is mediated via the nuclear export receptor CRM1. We also show that fusing BID to a strong NLS inhibits its nuclear export. Importantly, NLS-BID is phosphorylated by ATM in response to DNA damage, but is impaired in its ability to induce S-phase arrest and to sensitize cells to DNA-damage-induced cell death. À/À MEFs stably expressing either wtBID or NLS-BID (one clone from each) were either left untreated (N/T) or treated with 50 mM etoposide. At the indicated time points, the cells were lysed and equal amounts of protein (20 mg per lane) were subjected to SDS-PAGE, followed by Western blot analysis using either anti-pS78 Abs (top) or antibodies to regular BID (bottom)
As described in the introductory text, the BH3-only proteins are sentinels of intracellular damage. These proteins are held in check by diverse mechanisms and seemingly at cellular locations in which they can sense or communicate specific damage. Previously, we demonstrated that a portion of BID localizes to the nucleus. 19 As the majority of currently identified substrates of ATM are nuclear proteins, it is most likely that the nuclear portion of the BID molecules is phosphorylated by ATM. Our results showing that NLS-BID is phosphorylated in response to DNA damage (Figure 4) , further argue that BID is indeed phosphorylated by ATM in the nucleus. If this is indeed the case then BID might function as a sentinel of DNA damage by being embedded as an integral participant in the pathway that it monitors.
Where in the cell is BID executing its function? Many of the ATM substrates are phosphorylated at the damaged sites, and some of them are rapidly distributed to the undamaged parts of the nucleus (and perhaps to other cellular locations) to reach their physiological targets. 27 Here, we demonstrate that DNA damage results in the nuclear export of BID (Figure 1) , and that trapping BID in the nucleus inhibits its functions in the DNA-damage response (Figures 3 and 4) . Taken together, these results suggest that BID is required to exit the nucleus to execute its functions in this pathway. Thus, we suspect that BID is phosphorylated at the damaged sites and rapidly distributed to another cellular location (outside of the nucleus) to execute its functions. One attractive location is the mitochondria, as several BH3-only proteins are known to communicate specific damage by translocating from the site of damage to the mitochondria. Notably, a collaborating group has previously published that DNA damage induces the translocation of cytoplasmic BID to the nucleus. 20 A possible explanation for this discrepancy is that BID is moving both into and out of the nucleus, and that in our setting, we are detecting its net exit. If DNA damage indeed results in the translocation of cytoplasmic BID to the nucleus (translocation of the nonphosphorylated form), it remains to be determined the functional importance of this translocation. Do our findings using BID-GFP apply to endogenous BID? We have previously reported, based on immunofluoresence studies, that a portion of endogenous BID is localized to the nucleus. 19 However, we did not detect a change in the cellular location of endogenous BID following etoposide treatment, as we did using BID-GFP in this study. A possible explanation for these differences is that it is more difficult to detect changes in the cellular location of proteins using immunofluoresence, as compared to using GFP fusion proteins. In the case of BID, it is even more difficult as we detected only an B20% increase in cytosolic BID-GFP following DNA damage (Figure 1) .
We demonstrated that LMB prevents the nuclear exit of BID (Figure 1 ), suggesting that this exit occurs via the nuclear export receptor CRM1. On the other hand, mutating the NES consensus motif found in BID had no effect on its nuclear export, suggesting that this motif does not function as a NES. As the export of nuclear proteins by CRM1 is mediated via NESs, 24 it is likely that the nuclear export of BID is mediated by another NES-carrying protein. Recently, such a mechanism has been demonstrated by showing that nucleophosmin (NPM), which utilizes a conserved CRM1-dependent NES to enable its nucleocytoplasmic shuttling, provides a necessary chaperoning activity for the nuclear export of ribosomal protein L5 (rpL5). 28 Finally, it is tempting to speculate that ATM-mediated phosphorylation of BID regulates its nuclear export. However, this does not seem to be the case, as DNA damage resulted in the nuclear exit of the nonphosphorylatable BID mutant (BID-S61A/S78A-GFP; data not shown).
How does BID induce S-phase arrest? One possible mechanism for inducing cell cycle arrest would be that phosphorylated BID directly interacts with a cell cycle regulatory protein located in the nucleus to directly halt cell cycle progression at the S-phase checkpoint. However, based on our current results, it is equally possible that BID affects cell cycle progression indirectly by interacting with a 'non-cell cycle' protein that could be located outside of the nucleus. BID is also involved in promoting cell death following DNA damage, 17, 19 and it is well established that BID initiates death at the mitochondria. Thus, it is not surprising that trapping BID in the nucleus inhibits its ability to sensitize cells to DNA damage-induced death ( Figure 3) .
Finally, are caspases involved in the nucleocytoplasmic shuttling of BID? We monitored the cellular location of BID-GFP in HeLa cells in the presence of the broad caspase inhibitor zVAD-fmk, and found that inhibition of caspases had no affect on the nuclear export of BID following DNA damage. Moreover, we performed similar studies with the caspase-8 noncleavable mutant of BID (BID-D59A-GFP), and found that DNA damage resulted in the nuclear exit of this mutant. We also used zVAD-fmk to test whether the S-phase arrest might be an indirect consequence of cell death rather than a direct effect of BID nuclear exit. We found that inhibition of caspases did not affect the ability of the wtBID cells to arrest in the S phase and did not change the differences in the cell cycle distribution between the wtBID and the NLS-BID cells (data not shown). Thus, caspases do not seem to be involved in the nuclear exit of BID or in the ability of BID to induce S-phase arrest.
In summary, this study raises the novel possibility that BID, a molecule that was previously considered to be active only at the mitochondria, may also be active in the nucleus and that its activity in the DNA-damage pathway requires nuclear export. If BID is indeed acting in such a manner, then it is an excellent candidate to communicate DNA damage/repair processes to other cellular compartments.
Materials and Methods
Constructs. For the construction of the NLS-BID expression vector, BID was PCR amplified, using a 5 0 primer consisting of a BamHI restriction site followed by the SV40-LT-NLS, and BID's first 26 bases, and a 3 0 primer consisting of an EcoRI restriction site, followed by BID's C terminus antisense strand. 5 0 primer: GCAGGATCCATGCCGAAGAAGAAGCGCAAGGTAGACTCTGAGGTCAGCAAC GGTTCCGGC. 3 0 primer: GCGAATTCGTCAGTCCATCTCGTTTCTAACCAAGTT CCT. To introduce point mutations into the NES consensus motif of BID, we have used the QuickChanget site directed mutagenesis kit (Stratagene) using the 5 0 primer: CTGTACTCGCCAAGAGGCGGAGGTGGCGGGTCGGGAAGCGCCTGTGCAAG CTTAC and the 3 0 primer: GTAAGCTTGCACAGGCGCTTCCCGACCCGCCA CCTCCGCCTCTTGGCGAGTACAG. The fragments were digested and ligated into the pcDNAIII vector (Invitrogen). For the construction of BID-GFP, BID-L35A/L38A/ L42A-GFP, BID-D59A-GFP and BID-S61A/S78A-GFP, BID was PCR amplified using a 5 0 primer consisting of a XhoI restriction site, followed by BID's N terminus sense strand and a 3 0 primer consisting of an EcoRI restriction site, followed by BID's C terminus antisense strand. For the construction of NLS-BID-GFP, BID was PCR amplified, using a 5 0 primer consisting of an XhoI restriction site, followed by the SV40-LT-NLS and a 3 0 primer consisting of an EcoRI restriction site, followed by BID's C terminus antisense strand. 5 0 primers: CCGCTCGAGATGGACTCTGAGGT CAGCAACG; CCGCTCGAGATGCCGAAGAAGAAGCGCAAG and the 3 0 primer: GCGAATTCGGTCCATCTCGTTTC. The fragments were digested and ligated into the pEGFP-N1 vector (Clontech).
Human cell lines and transient transfection. HeLa, a human cervical adenocarcinoma cell line, was maintained in 10% fetal bovine serum. Transient transfections were performed using lipofectamine 2000 (Gibco BRL).
Generation of BID
À/À MEF stable clones expressing wtBID or NLS-BID. BID À/À MEF stable clones expressing either wtBID or NLS-BID, or carrying an empty vector were generated as described previously. 19 Viewing the cellular location of GFP fusion proteins. HeLa cells were grown on glass coverslips, transfected with either of the GFP constructs, treated as indicated and fixed with 4% paraformaldehyde in PBS for 10 min. The coverslips were mounted and confocal microscopy was performed by using an Axiovert 100 TV microscope (Zeiss, Oberkochen, Germany) attached to the BioRad Radiance 2000 laser scanning system (Bio-Rad) and operated by LaserSharp software.
Immunofluorescence. For immunofluorescence experiments, cells were grown on glass coverslips and fixed with 4% paraformaldehyde in PBS for 10 min and permeabilized with 0.2% Triton X-100 in PBS for 5 min. For blocking, the cells were incubated in PBS containing 0.1% Triton and 3% BSA for 1 h at room temperature. For immunostaining, cells were incubated for 2 h at room temperature with anti-murine BID Abs in blocking solution. After three washes with PBS containing 0.1% Triton, the cells were stained for 1 h at room temperature with Cyt2-conjugated AffiniPure donkey anti-rabbit Abs (dilution 1 : 300, Jackson ImmunoResearch). After three additional washes with PBS containing 0.1% Triton, the coverslips were mounted and confocal microscopy was performed as described above.
Cell viability assays. MEFs were treated with 50 mM etoposide for 24 h. Cell viability was determined by propidium iodide (PI) dye exclusion. PI (25 mg/ml) was added to the cells immediately before analysis by FACScan (Beckton Dickinson).
Cell cycle assays. MEFs were treated with 10 mM etoposide for 8 h, and then collected for fixation in methanol. Following fixation, cells were washed and resuspended in PBS with 25 mg/ml PI and 50 mg/ml RNAse a 0.5 h before FACScan analysis. Analysis of the cell cycle results was performed using the ModFit LT program. 29 Formaldehyde treatment and subcellular fractionation. Formaldehyde treatment and subcellular fractionations were performed as described previously. 19 Western blot analysis and antibodies. Proteins were size-fractionated by SDS-PAGE and then transferred to PVDF membranes (Bio-Rad). Western blots were developed by use of the enhanced chemiluminescence reagent (Amersham). Polyclonal anti-murine BID Abs, 19 anti-pS78 Abs, 19 anti-lamin B Abs (Santa Cruz) and anti-b actin Abs (Santa Cruz) were used for Western blotting.
